ABSTRACT The time to market of maximum power point tracking circuits for solar cells depends on the time of transient simulations. But, the traditional tools use a nonlinear resistor model for the solar cells. The question is if it is possible to use another nonlinear relationship to improve the convergence features. This paper presents a new method for modeling a solar cell, considering temperature and irradiation changes and an improved convergence performance. In this model, the solar cell's current-voltage (I-V) characteristics for three irradiation and two temperature conditions are required, showing a feasible procedure. The proposed model is fitted to three commercial solar cells exhibiting a maximum average error of 2.51 percent. It is tested in a transient analysis converging to the expected values in a maximum power point tracking circuit.
I. INTRODUCTION
Solar cells are important elements for the electronic circuit design flow. There are industrial software tools to design Photo-Voltaic (PV) systems [1] . However, some of the most important Computer Aided Design (CAD), for electronic circuit design, tools [2] do not include solar cells with the basic elements in the library setup. In these design platforms, it is not easy to construct a compatible solar cell model for low average error considering irradiation and temperature changes. For this limitation arises the need to explore the construction of solar cell models. Of the most recent and relevant solar cell models, it is possible to highlight three features: F1) the model considers irradiation (L) and temperature (T) changes, F2) uses linear functions to describe physics and F3) an extensive characterization to calculate implicit parameters.
The popular P-V design tools use the single and double diode description with up to five parameters [3] . The actual research focuses on new methods to obtain the 1-diode model parameters to fit the irradiation and temperature
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dependence [4] . There are several solar cell model parameter extraction methods, detailed in [5] , [6] . The parameter extraction enables the construction of the most used models for solar cells [7] - [11] .
The aforementioned are recent works solving the problem of modeling solar cells. The number of model parameters in the exponential functions increases to reduce the average error [7] . However, the size of the equation is a constraint when the solar cells are simulated together with other electrical elements. The 1-diode model is a nonlinear resistor with an exponential branch relationship. The question is if it is possible to use another nonlinear relationship to improve the convergence features. Particularly, the design of Maximum Power Point Tracking (MPPT) circuits gives rise to a critical situation [12] - [14] . It is necessary to test the tracking circuit with a solar cell model describing the physical parameters with the compatibility of an electronic circuit CAD. In this scenario, the behavioral description with VerilogA is a good option. This hardware description language is a reliable solution for the mixed signal electronic circuit design and reduces the time to market in many products.
This work extends the model in [15] , which is a combination of physical analysis and a mathematical approach that considers temperature and irradiation effects. The proposed model needs the short circuit current, the open circuit voltage, and saturation conductance, for a few temperature and irradiation levels, which are feasible parameter measurements. It is important to notice that these parameters can also be obtained from the solar cell's datasheet, although in many cases they are not available. This is as standards have split content with mandatory and best practice information [16] . For instance: solar cells performance to different irradiance levels. Therefore, geographical locations and the split standard content makes some manufacturers give minimal information. The objective of this work is to give another option to model a solar cell achieving a good average error with the possibility to extract the parameters with a simple procedure. The manuscript is organized as follows: Section II details the necessary parameters and equations for the extended model. Section III compares the proposed model with the most recent solutions, including commercial solar cell curves in transient analyses in an MPPT circuit. Finally, Section IV draws conclusions.
II. THE PROPOSED SOLAR CELL MODEL A. MODEL DESCRIPTION
The proposed model is a set of linearized equations considering the irradiation and temperature variations. The model requires the voltages and currents associated with three irradiation and two temperature levels, which are feasible measurements from the I-V characteristics. Additionally, it is possible to obtain the set of values from the solar cell's datasheet [11] . This Section details the process to construct the model. FIGURE 1. I-V characteristic curves corresponding to three irradiation and two temperature levels, where blue and red curves belong to T 1 and T 2 , respectively. Fig. 1 shows the solar cell's current-voltage (I-V) characteristic curves, corresponding to three irradiation and two temperature levels. Taking I PV , V PV as the solar cell current and voltage, the curves have a nonlinear relationship. However, it is possible to distinguish two regions of operation.
For V PV > V sat , I PV has an approximately linear dependence on V PV . This region of operation is well described by a constant and negative G lin . In fact, the following analysis shows that the saturation conductance depends mostly on irradiance in a nonlinear relationship. The saturation region corresponds to V PV ≤ V sat , where I PV is approximately constant and independent of V PV . Therefore, the conductance G sat in this region will be considered zero.
The family curves have three important parameters: the short circuit current I sc with V PV = 0, open circuit voltage V oc with I PV = 0 and the saturation voltage V sat limiting the two regions of operation. The proposed model in this work requires the I-V characteristic for three irradiation and two temperature levels.
Let three irradiation levels in Fig. 1 to be L 1 < L 2 < L 3 , two temperature levels T 1 < T 2 and I p as a current probe associated to a quarter of the minimum open circuit voltage, i.e., V p = V oc(min) /4. Fig. 1 highlights with black dots the short circuit current I sc , open circuit voltage V oc and current probe I p . The measurements associated with any irradiation and temperature compose the three matrices: (1, 1) I sc (1, 2) I sc (1, 3) I sc (2, 1) I sc (2, 2) I sc (2, 3) (1)
In eqns.
(1)-(3), the (j, k) index is for
It is possible to approximate the solar cell current by a hyperbolic tangent function, used on a Current Limiter Matlab-Simulink module. An important property, compared to the 1-diode model is that this function has a limited codomain and is monotonous along with the I-V values. This feature improves convergence in transient simulations. For the model, the variables depending on irradiation and temperature are the short circuit current, the open circuit voltage and the conductance in the saturation region. The general expression for I PV is:
where K t is a coefficient of proportionality defining the linear region curvature. The model uses the strategies in [17] for the I sc , V oc , and G sat equations.
Note that the proposed model is a hyperbolic relationship between the solar cell's I-V curve and takes the saturation conductance from the average slope in the short circuit current point. However, the I sc , G sat , V oc nonlinear behavior is simplified with a linear curve fitting for a small set of irradiation and temperature cases. The following subsections describe the procedure to obtain these parameters, to construct the model equation. 
where L is the irradiation level, T the temperature and m sc (T ) the slope of I sc (L), a function of T . The term m sc (T ) has a physical feature which is possible to describe with:
The term m sc 0 • C is the slope at 0 • C and m sc is the slope of m sc as a function of T . With the present data in matrix I sc (j,k) , m sc 0 • C and m sc are: a nonlinear relationship with irradiation. A curve fitting approximation is possible in the following form:
where m oc is the average slope of
is approximated by potential fitting, whose general equation is:
With data of matrix, V oc(j,k) , m oc is calculated as:
For V oc 0 • C (L), the potential fitting is the following:
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D. SATURATION CONDUCTANCE
The proposed model expresses the saturation conductance for two temperature and three irradiation levels. Similarly to (1)- (3), the saturation conductance matrix is: (2, 3) .
The matrix G sat(j,k) is therefore defined as: The saturation conductance is a strong function of irradiation, rather than temperature. Therefore, it is possible to ignore the G sat temperature dependence. For any irradiation level, the proposed model calculates the average conductance in saturation (blue dots) at temperatures T 1 and T 2 . The average conductance for k-th irradiation is:
with k = 1, 2, 3. The general equation of the saturation conductance is the following:
where m G(sat) is the slope of G sat (L), and G sat(0W) is the saturation conductance when the irradiation is 0W/m 2 . Such terms are calculated by linear fitting, resulting in the following equations:
The model is constructed using eqn. (30), (12) , (6) in eqn. (4) . It is possible to describe the proposed model in many hardware description languages. This work uses the VerilogA behavioral description in Cadence Virtuoso [2] . The data required by this algorithm are the aforementioned irradiation and temperature measurements, resulting in the description of I sc(j,k) , V oc(j,k) and I p(j,k) . These matrices are uncorrelated and easily obtained in a single step.
The prospected model is another option when it is not possible to find the necessary information to consider temperature dependence. It considers the Based on the procedure described in Section II, the saturation conductance requires the voltage V p . The set of values for this experiment are V p = {7.53V, 14.5V, 2.29V}, VOLUME 7, 2019 FIGURE 9. Sharp ND-62RU1 characteristic curves: Current-voltage curves, for five irradiation levels, at 25 • C. 
III. RESULTS AND ANALYSIS

A. EXPERIMENT AND RESULTS
The
where X m (i) are the proposed model I-V curve points and X c (i) the experimental results. Table 1 shows the average errors between the simulated and the experimental data for IV curves with each irradiation level. For the MX Solar model, the maximum average error occurs at 400W/m 2 and for Sanyo, is at 200W/m 2 . For Sharp models, the minimum errors occur from 800W/m 2 to 1kW/m 2 . For the Sanyo and Sharp models, the absolute error reduces with the increase of irradiation levels. Table 2 shows the average errors between the proposed model and the experimental data, for P-V curves at different temperature levels. For the MX Solar model, the maximum average error occurs at 55 • C, and for Sanyo, this occurs at 15 • C. For Sharp solar cells, the average errors decrease as temperature increases.
These results validate the proposed model with typical operating conditions. The errors are less than 2.51%, and the maximum errors locate between the saturation and open circuit conditions. This is the result of a dependence on the K t parameter for the saturation voltage curvature. Therefore, if K t increases, the transition from saturation to the linear region is more abrupt. K t increases when the irradiation level decreases in an asymptotic manner. The second cause of average errors is the saturation voltage approximation since it exhibits a slight dependence on irradiation and temperature.
The accuracy of the proposed model results from the equations (6) For the short circuit current equation, with the sole exception of Sanyo solar cell in 200W/m 2 , all relative errors are less than 1.04%. In all cases, the tendency is the reduction of relative error if irradiation increases. Thus, the data in Table 3 confirms (6), i.e., the short circuit current is directly proportional to the irradiation level, for any constant temperature level. For the open circuit voltage equation, all relative errors are less than 0.24%, with the tendency of an increment of the relative error if temperature increases. Therefore, the data in Table 4 confirms eqn. (14) . There are only a few publications considering the irradiation and temperature effects with simple procedures [4] and the presented results are compared with the most recent solutions. Note that considering the irradiation changes is not the same procedure of shading effects. For shading, it is necessary to consider a Photo Voltaic array configuration with the solar cell model in this work.
B. APPLICATION IN TRANSIENT SIMULATIONS OF PV HARVESTING SYSTEM
The proposed model is used to perform transient simulations of a Photo Voltaic energy harvesting system. Fig. 13 shows the schematic representation having three principal elements: Fig. 15 shows the transient result for a step irradiation change from 600 − 300 W/m 2 in a 400 µs time lapse. The proposed model reaches the maximum power point P MPP , which is 112.11 W for 600W/m 2 and 54.35W for 300W/m 2 . The maximum power corresponding to 600W/m 2 is twice the maximum power corresponding to 300W/m 2 . The aforementioned is because, if the saturation conductance effect is ignored, the solar cell power is directly proportional to the irradiation level. Note that even with this discontinuous irradiation, the model and circuits always converge to VOLUME 7, 2019 Another test with temperature dependence helps to validate the convergence model. Figure 16 shows the transient simulation with a temperature sweep from 25 − 35 • C in a 400 µs time lapse. The P MPP is 112.11W for 25 • C and 108.57W for 35 • C. The power difference between the two previous temperature levels is 3.54W. As it was for the transient response with step irradiation, the step temperature variation does not generate convergence problems. These results verify the functionality of the model for robust applications. The maximum power point voltage is 54.21V for 25 • C and 52.36V for 35 • C; this is an expected result with a 3.53% of change. In a range of 10 • C, the maximum power and maximum power point voltage do not change significantly if the temperature level changes and irradiation is constant. Table 6 summarizes the recent solar cell models with the highlighted features in Section I. The previous models show a trade-off with linearity and characterization of intrinsic parameters to adjust to the experimental data. It is possible to evaluate the performance of several 1-diode based models compared with the proposed. Not all 1-diode models include irradiance dependence. The proposed model presents a good average error and is competitive even if most of the reported models only present relative and absolute errors. There is a trade-off between computational budget and quantity of average error. The proposed model considers irradiation and temperature changes with a simple linearized set of equations. It is possible to obtain the I sc , V oc , G sat parameters from the manufacturer's datasheets or this can be obtained with a small number of measurements. The model presents a balance in the desired features with a maximum average error of 2.51%. It is important to mention that the previous models in VerilogA do not report transient simulations [20] .
C. COMPARISON WITH RECENT MODELS
The model fits the experimental data with a low average error, compared with the most recent solutions. The big difference is the possibility of describing the model in VerilogA to launch simulations in a full custom circuit design environment.
IV. CONCLUSION
The results of this work show that it is possible to construct a behavioral model for solar cells with three important features: using linear functions, considering irradiation/temperature effects, and employing explicit model parameters. The I-V and P-V characteristic curve compared with the model and the experimental data exhibit an absolute error of less than 2.51%. The short circuit current is directly proportional to the irradiation, whose coefficient of proportionality is determined by temperature. The open circuit voltage has a linear dependency on temperature, whose rate of change is always negative and constant. 
